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Abstract
Several radon studies have reported a possible correlation of the gas emanation with faults and
seismic activity in the area, but few studies have been conducted in seismically inactive areas.
Features such as the Kilbourne Hole in New Mexico, a maar volcano formed by an interaction
between magma and water, can reveal important information about connection between radon
concentration levels and structural geology.
The purpose of this thesis is to determine the radon concentration levels in and around the crater
of the Kilbourne Hole. The results are compared with geological, gravity and magnetic surveys to
have a better understanding of radon behavior.
Radon concentration in soil gas were measured by Markus 10 equipment at 53 sampling stations
within a 250 m x 500 m spaced. The obtained radon data was analyzed and superimposed on the
geological and geophysical surveys to highlight the correlation between the radon concentration,
magnetic values and inactive fault lines.
This indicate that the radon gas measurement in the study area shown to have spatial pattern
consistent with geophysical and geology surveys of the Kilbourne Hole.
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Chapter 1: Introduction
The Kilbourne Hole, the focus of this thesis, is a maar volcano that is in New Mexico about 22
miles northwest of the El Paso, Texas. A maar-diatreme is a broad volcanic crater formed by an
explosive eruption that involves both magma and water, the explosion leading to concurrent
ejection of steam and pyroclastic fragments. This maar volcano is part of the Potrillo Volcanic
Field, a series of volcanic features extending across southernmost Dona Ana County, New Mexico
into northern Chihuahua, Mexico (Moncada, 2016).
The primary objective of this thesis is to determine the underground concentration levels of radon
gas to gain an understanding of the correlation of radon behavior and structural geology. As the
variations of radon emanation from soil can give information on subsurface in the earth’s crust,
several radon studies have been conducted at volcanoes around the world in order to investigate
their surface structures. The resulting interpretations produced by this study add to the local and
regional geologic understanding of the Potrillo Volcanic Field. It will also add to the worldwide
body of knowledge about the structures of maars and production of radon in craters.
Literature review
Several radon studies have been conducted at seismically active areas such as volcanoes and fault
lines around the world in order to investigate their subsurface and provide insight on the earthquake
formation process. Varga et al. (2008) studied the pre-earthquakes radon anomalies at site Osijek
and Kašina, Croatia; a considerable amount of monitoring of radon concentration in soil-gas has
been conducted on these sites during 4 years, together with meteorological parameters and
earthquakes data (Fig. 1). They determined an equation of the radon variation caused by barometric
pressure, rainfall and temperature and empirical equations between earth magnitude, epicenter
distance and precursor time.
1

Figure 1: Radon concentration in soil (cs), barometric pressure (p), rainfall (h) and
air temperature (t) versus time, with the recognized radon anomalies ai and
belonging earthquakes ei (i=1...19) quantized by the earthquake parameter q at
Osijek by Varga et al (2008).
A relation between radon gas and faults lines was first observed by Baykara et al. (2005), who
determined the profile the soil radon in the North and East Anatolian active fault system in Turkey.
They showed that the radon anomalies are relatively high in the fault line while dramatically
decrease away from the lines. Likewise, they also demonstrated that the radon concentration is
affected by the morphology of underlying bedrock, and it can be used to indicate the existence of
tectonic discontinuities (Figure 2 and 3).
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Figure 2: Radon profile across the EAFS by Baykara et al (2005).

Figure 3: Radon activity vs. detector number by Baykara et al (2005).
In light of this, a study was performed by Rodriguez et al. (2017) around a fault in the East Franklin
Mountains in El Paso, Texas, which determined a strong correlation between the in-soil
concentration of radon gas and the location of the inactive fault, (Fig. 4). This study concluded

3

that the in-soil radon concentration is produced mostly near the top soil and not deeper in the
ground.
This motivates the present study. Given that maars are produced by explosive eruptions of magma
with ejection of pyroclastic fragments, it is plausible to expect variations of the levels of
underground radon compared to the surrounding area. In this work, we will study the levels of
underground radon in and around the crater of the Kilbourne Hole, and will compare the results
with existing data of magnetic and gravimetric measurements.

Figure 4: Concentration of radon gas measured on the area studied by Rodriguez et al. (2017).
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Chapter 2: Background
Kilbourne Hole
The area of study is located in Southern Doña County, New Mexico, about 22 miles northwest of
El Paso, Texas, and is about 25 miles southwest of Las Cruces, New Mexico, (Fig.5).

Figure 5: Map shows the localization of the area of study.
The Kilbourne Hole is a classic example of a phreatomagmatic volcanic crater that is caused by
the explosive interaction between rising magmas and an external source of water, such as an
aquifer or surface water (Wilson and Head III, 2004). This maar crater is about 1.7 miles long by
a mile and quarter wide, its floor is 250 to 300 feet below the general level of the surroundings
5

country, and it is bordered by a rim on three sides that rises 10 to 150 feet above that level (Reiche,
1940).
Prior to the eruption, there were already series of volcanic flows near Kilbourne Hole (Seager,
1984). This series of volcanic flows is called the Potrillo Volcanic Field. The Potrillo Volcanic
Filed is a progeny of the titanic forces that have produced the Rio Grande Rift; a still-active
structural fault that begins in Colorado and extends southward through the New Mexico, across
the western tip of Texas and into northern of Chihuahua, covering a distance of about 600 miles
(Ramberg et al., 1978; Keller et al., 1990).
Figure 6 shows the geology of the area of study, where the crater is surrounded on all sides (except
the south) by a prominent rim of ejecta that rises as much 150 ft. above the surrounding La Mesa
plains and nearly 450 ft. above the Playa at the center of the crater floor (Seager, 1987).

Figure 6: Geologic map of Kilbourne Hole, NM. Base map by U.S. Geological Survey Kilbourne
Hole Quadrangle 1:24,000 scale topographic map (USGS, 2010).
6

Radon
Radon (Rn) is the heaviest of all noble gases, a class of chemically inert gases with low reactivity,
it was discovered by Friederich Ernst Dorn, a German scientist in 1900, while studying
radioactivity. There are several Rn isotopes ranging from

193

Rn to 228Rn with three isotopes that

are constantly produced from 238U (222Rn), 235U (219Rn) and 232Th (220Rn), and only four isotopes
with half-lives greater than 1 hour. Most of these isotopes are synthetic (manmade) and only a few
exist in nature, but only trace abundance. The longest living isotope is

222

Rn (with a half-life of

3.82 days) which is a decay product directly descending from radium (226Ra) in natural uranium
decay, and this isotope decays mainly through alpha emission into 218Po: 222Rn → 218Po + 4He.
Since all the isotopes of radon are radioactive, we can estimate the concentration of the 222Rn by
measuring its radioactivity, i.e. the number of radioactive decays of a nuclide per unit time. The
unit of radioactivity is the Becquerel (Bq), which is equal to one atom decaying per second. As
radon is a gas, this is normally measured by volume, therefore the unit used for reporting
concentration data is “Bq” Becquerel per m3 STP” (Standard Temperature and Pressure), Bq/m3,
that is a standard cubic meter of air at 273.15 K and 1 atmosphere.
Radon-222 (222Rn) has the longest half-life amongst the three radon isotopes produced from the
decay chains of 238U (222Rn), 235U (219Rn) and 232Th (220Rn) (Fig. 7). 222Rn is utilized widely as a
tracer in the environment (Baskaran, 2016), specifically, radon in soil-air has been utilized as
tracer for locating surface uranium deposits, identification subsurface hydrocarbon deposits, and
even to predict earthquakes.

7

Radon in soil

Figure 7: 238U, 235U and 232Th decay chains (Baskaran, 2016)

Because radon is a member of the 238U decay series (and a progeny of 226Ra), it is naturally present
in most soils and rocks. Its concentration levels in soil varies by three main factors: concentration
and distribution of its parent in the source material, its half-lives, and its transport; this last one
will be discussed in the next chapter.
The concentration of radon in soil is a function of how much 238U and 226Ra are present locally as
source material. There is an approximate correlation between radon in soil or water and the radium
or uranium concentration; if the content of the source material is very high or very low, radon is
likely to be very high or very low, respectively. However, when the source material is not very
low or high, the radon content in soil or water can vary widely (Cothern and Smith, 1987).
Other factor that determines the concentration is its half-life. The radon activity decreases
exponentially due to the decay radioactivity as shown in figure 8; condition known as unsupported
activity. Therefore, the radon transport by diffusion in soils in normal conditions is limited to
several meters due to radon’s short half-life.

8

Figure 8: Decay curve for unsupported radon, showing the relationship between concentration
and time (Cothern and Smith,1987).
Radon underground transport
Changes in radon activities in soil gas can provide valuable information on subsurface seismic
activity in the earth’s crust and provide insights on the earthquake formation process (Baskaran,
2016). Radon emanations rates from rock and minerals vary widely, zones with a seismically
active area including surface active faults and fractures shows a greater emanations rate, as they
provide major conduit paths for radon to escape. On the other hand, if there is no seismic or
volcanic activity in the surface, the radon emanation rates are expected to be relatively low and
constant.
It is noteworthy that the continuous monitoring of radon measurements played a critical role in the
successful prediction of earthquake. A large number of studies in this area has presented claims
reporting correlations between soil gas, groundwater radon concentration and earthquakes.

9

These studies have been performed in many countries that are located on plate boundaries such as
United States, Japan, Turkey, so on, with a long-term monitoring program to increase the accuracy
of the predictions. To understand the relationship between the seismic events and the observed
radon anomalies is necessary to review the Dilatancy-Diffusion model of earthquake precursors.
To be able to predict where radon will be high or low, we need to understand its process of
transportation. There are different types of radon transport in soil such as alpha recoil, molecular
diffusion, et al.
Alpha recoil
The transport of radon from the soil is a process known as emanation (Fig. 9), which is defined as
the ratio of number of radon atoms that escape from the solid to the number of radon atoms formed
by decay of radium in the solid (Cothern and Smith, 1987).

Figure 9: Mechanics leading to radon release to the atmosphere (Baskaran, 2016).
Radon atoms located within a solid grain are unlikely to escape the mineral grain due to low
diffusion coefficients in solids; however, the alpha recoil is a process by which it is can transferred
from soils into pore spaces, allowing radon to escape.
10

From the conservation of momentum during decay of a radionuclide by alpha emission, the alpha
particle produced is ejected from the nucleus carrying off most of the energy. The newly created
progeny radionuclide actually recoils in the opposite direction, with a kinetic energy of 86 keV
(Bossus, 1984). The distance traveled by the newly radon atom depends on the density, lattice
structure and composition of the host material, if the atom moves in the right direction to escape
from the soil or rock, or if it will be trapped for the remainder of its short life (3.82 d).
Diffusion theory (Fick’s law of diffusion)
A knowledge of diffusion theory is essential in understanding the transport of radon from soil to
atmosphere. We know that due to molecular motion, the migration of gas molecules occurs from
a region of high concentration to low concentration, this occurs even though the individual
molecules movements are random, we call this process molecular diffusion. On the other hand, it
is important to quantify the magnitude and direction of the molecules’ motion, when we used it in
the definition of the diffusional flux, which is the number of molecules diffusing in unit time across
unit area. The concentration and flux are connected and described by Fick’s law.
This law was created by Adolf Eugen Fick in 1855, in his paper called “Fourier’s model applied
to molecular diffusion”, which is analogous to Fourier’s law of heat conduction. The experimental
validation of the law of diffusion was not immediately after it was published, it took 11 years to
validate it, when the measurements showed that the flux was proportional to the concentration
gradient.
Fick’s first law (steady-state diffusion)
The Fick’s first law states that the flux of chemical species occurs from high to low concentration
without a change with time. This means that the activity flux of diffusing molecules in unit time
across unit area J (Bq/m2s for radon’s atoms) is linearly proportional to its concentration gradient:
11

𝐽𝐽 = −𝐷𝐷𝑚𝑚 ∇𝐶𝐶

where Dm is known as the diffusivity or molecular diffusion coefficient (m2/s) and ∇C is the

gradient of molecules activity concentration (Bq/m4 for radon’s atoms). The negative sign
confirms that the molecule diffusion is in the direction of greater to lesser concentration.
Fick’s second law (non-steady state diffusion)

Fick’s second law of diffusion states that the rate of compositional change is proportional to the
rate of change of the concentration gradient rather than to the concentration gradient itself. This
suggests why it is often very time-consuming to reach final equilibrium via diffusion (Smallman,
2014)
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
= − �−𝐷𝐷 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

.

The Dilatancy-Diffusion model of earthquake precursor
The Dilatancy-Difussion model was developed by Nur 1972 and expanded by Whitcomb,
Garmany, Anderson and Scholz 1973 (Scholz, 2019). This model considers that increases in crack
volume in the course of the dilatancy of the rock-fluid composite are sufficiently large that the
drop in material velocities, the pressure differential driving the back flow, and the permeability of
the dilatant volume will all be sufficiently large during the anomalous period of material velocity
variations (Hanks, 1974).
In summary
In this chapter, we have seen several factors and processes that affect to radon flow inside the earth
such as its short mean life, diffusion, surface material, etc. In addition, it was shown that zones
seismically active, such as oceanic and continental tectonic plates, volcanoes, active fault lines,
etc. show huge radon concentration levels. It this due to the presence of micro-cracks and fractures
12

in the subsurface rocks that result in the creation of paths, making it possible that radon can travel
long distance (possibly with other gases). On the other hand, if there is no seismic or volcanic
activity, the radon concentration surface is expected to come from the upper few meters.
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Chapter 3: Radon in Kilbourne Hole
Data collection
The radon survey was conducted using a Markus 10 instrument. The radon’s readings were
recorded every 250 meters in W-E direction and every 500 meters in an N-S, with a total of 53
radon stations to obtain the radon’s anomalies map as the final product.
Radon measurements in the soil were used to map the area of study using equipment owned by
The University of Texas at El Paso (UTEP). The measurements are based on the collection and
counting of radon progeny. This reading was conducted using a Markus 10 instrument
manufactured by Gammadata, (Fig. 10). The instrument operates by pumping out air from the soil
during 30 seconds through a tube inserted in the soil at a depth of 70 cm. After pumping, the air is
stored in a measuring chamber, where the detector is activated and the radon daughters are driven
towards detector using an electric field. The detector registers the alpha radiation from the radon
daughter, then the pulses are amplified and filtered by a filter that only analyze alpha particles with
kinetic energies between 5.5 and 6.5 MeV’s. Finally, the pulses are counted and the result is shown
in Kbq/ m3.
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Figure 10: Radon concentration detector Markus 10 by Gammadata.
A total of 53 radon measurements were collected in the study area with 250 meters spacing in a
west-east direction and 500 meters spacing in a north-south inside the crater. 500 meters spacing
was used between measurements on dirty roads surrounding the crater and 14 radon measurements
were placed at distance of a few meters from one to another to cover an approximately 500 m long
survey line that crossed an inactive fault (Fig. 11). The position of each measurements was
obtained by using a Garmin GPS. This equipment can receive multiple signal types (GPS,
GLONASS, etc.) and when combined, gives an accurate horizontal and vertical estimation
position.

15

Figure 11: Map showing radon measurements (red symbols) in the study area (yellow line)
within Kilbourne Hole.
Radon map
With the radon readings, we can then plot a radon map (Fig. 12). Based on the radon map of
Kilbourne Hole, we can make qualitative interpretations about subsurface features that contribute
to high and low anomalies present in the maps. The reason for different anomalies in the radon
concentration located at Kilbourne Hole’s areas can be explained by the difference of geologic
features.
As expected, the highest values in radon concentration are located inside of the crater, with a
maximum radon concentration recorded of 15 kBq/m3. This value exceeds by approximately 10
16

kBq/ m3 the average radon level at surrounded the crater. The difference of these values can may
indicate the influence of the geologic bodies and/or geological structure.

Figure 12: Concentration of radon measured on the area studied; the color varies from 0.3
kBq/m3 (blue) to 15.0 kBq/m3 (pink).
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Chapter 4: Analysis
Correlation Radon-Gravity
A gravity survey was performed by Nisa Maksim (2016) in Kilbourne Hole. She recorded 172
gravity stations using a Lacoste and Romberg G30 gravimeter arranged in a grid with 200m
spacing. The precise position of each station was obtained from a Topcon GB-1000 real-time
kinematic (RTK) differential unit, which provided an accurate horizontal and vertical estimation
of position of ±10 mm and ±15 mm, respectively.
Prior to modeling an anomaly map, the gravity data must be processed. She used the correction
process described in Briesacher et al. (2002) to make the field data compatible with the regional
southwestern North American gravity data. Following this, she calculated the terrain corrections
using a digital elevation model (DEM) with a resolution of approximately 10 m. To obtain the
Residual Bouguer Anomaly, she used to free-air to correct the decrease in gravity with height
above the ellipsoid, and Bouguer Correction to correct the gravitational attraction of the mass
between each station.
Posterior the correction of gravity data, she plots a gravity anomaly map (Fig.13). Although the
gravity anomaly map does show significant detail, she was able to associate three anomalies with:
(1) the diatreme and dikes; (2) the Camp Rice formation and older units that predate the eruption;
and (3) buried basalt lava flows. With a contrast of values in total gravity anomaly between (1)
and (2) is ~ 40 mGal, whereas the contrast between (1) and (3) is ~20 mGal.
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Figure 13: Bouguer gravity anomaly map of Kilbourne Hole. The white line represents the
gravity anomaly. Modified from Maksim (2016).
On the other hand, figure 12 shows the highest radon anomaly located at center of the crater with
a range from ~10-15 kBq/m3. From this radon anomaly and the gravity anomalies, we cannot find
a possible correlation between radon and gravity values located inside of the crater. This is because
the highest radon anomaly is in a different area from the highest gravity values registered (Fig.
14).

19

Figure 14 Anomaly correlation analysis between radon and gravity.
Correlation Radon-Magnetic
A magnetic survey was performed by Maksim (2016) in Kilbourne Hole. She recorded 166
magnetic stations using a single-sensor G858 cesium-vapor magnetometer arranged in a grid with
200m spacing.
Data from the magnetometer was processed and corrected; she used the correction for diurnal
geomagnetic field fluctuations for comparing the location and time of each magnetic measurement
to measurement taken at a base station. Afterward, she applied the magnetic background at the
latitude of Kilbourne Hole, where is used the total magnetic field intensity from the International
20

Geomagnetic Reference Field. Further, she performed a reduction-to-pole (RTP) operation to
recalculate the magnetic intensity data as if the inducing magnetic field had a 90˚ inclination
(Bankey et al, 2002). The RTP filter is an import filter that transformed dipole magnetic anomalies
to monopole anomalies centered over their causative bodies.
After the correction of magnetic data, she plots a magnetic anomaly map (Fig. 15). Where she was
able to associate three magnetic anomalies with: (1) buried basaltic flows and dikes; (2) the Camp
Rice formation and older units that predate the eruption; and (3) pyroclastic deposits associated
with the Kilbourne Hole eruption. The contrast in total magnetic anomaly between (1) and (2) is
~ 600-800 nT, whereas the contrast between (1) and (3) is ~ 100-300 nT.
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Figure 15: RTP magnetic map of Kilbourne Hole. The Black line represents the magnetic
anomaly. Modified from Maksim (2016).
From the radon anomaly (Figure 12) and magnetic anomalies, we can find a possible correlation
between radon and magnetic values located inside of the crater. This possible correlation is derived
from the highest radon anomaly with a magnetic anomaly registered in the same area (Fig. 16).
The positive correlation between magnetism and production of radon gas suggests that the material
with high magnetism has a high concentration of 238U and, thus a higher production of radon gas.

22

Figure 16: Anomaly correlation analysis between radon and magnetometry.
Inactive fault analysis
There are several geological studies focus on the maar volcanoes. Seager (1987) studied the
formation and characteristics of Kilbourne Hole. He described the geological features and made a
geologic map and cross section of the area of study. Consequently, with this information and a
database from the United State Geological Survey (USGS) a final geological map of Kilbourne
Hole was developed (Fig. 6).
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This geologic map shows two normal faults, located at the north and south of the crater. Although
the south fault surface location is mapped (Fig. 17), there are not enough information attributed to
this fault. Therefore, we decided to make a radon survey line that crossed the fault.

Figure 17: Location of the inactive fault
The radon stations were placed at a few meters from one to another to cover a line that crossed the
south fault (Fig. 18). The profile of radon concentrations in soil are shown in figure 18 versus
position of stations along the line crossing of the fault. Where is observed the increase of radon
level with the location of the fault. The profile of figure 18 clearly demonstrates the relationship
between radon levels and inactive faults.
24

Figure 18: Radon profile across of an inactive fault at Kilbourne Hole, showing the radon
response.
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Chapter 5: Results
The results obtained in the field-work were analyzed to find a possible correlation with the gravity
and magnetic data, with the main objective of obtaining a better interpretation of the internal
features of Kilbourne Hole. This possible correlation can be provided insights into complex
structures of a maar volcano as faults, dikes and diatreme.
The radon map of Kilbourne Hole has a wide range of values from 0.3 Kbq/m3 to 15 Kbq/m3. With
these values, we can identify three radon anomalies that could be associated with main geologic
features. (1) At the center of inside the crater have the highest radon values, these can be related
to the diatreme filling of brecciated and dikes (volcanic intrusion). (2) At the western part of the
crater, where there is a high radon anomaly that may be associated to high natural radioactivity in
soil, and/or, to the presence of buried fault. (3) At southern part of crater, there are high radon
values that are related to an inactive fault. These anomalies were associated using models and maps
from previous geological and geophysical studies of Kilbourne Hole (Fig. 19) (e.g., Maksim 2016,
Moncada 2016, Seager 1987).
1) Based on the Maksim’s geophysical studies at Kilbourne Hole, we can find a correlation analysis
between the gravity and magnetic anomalies with the radon anomaly at center of inside the crater
(Fig. 14 and 16). High radon values found inside the crater match the high magnetic anomaly
values and the gravity anomaly values. This positive correlation between magnetism and
production of radon gas suggests that the material with high magnetism has a high concentration
of 238U and, thus a higher production of radon gas. With gravity and magnetics anomaly values,
Maksim created models that were consisted with geology of Kilbourne Hole. With these models,
she located a dike beneath the center of the crated with 0.91 km to 3.58 km of deep (Fig. 20).
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Therefore, we can infer that the radon emanation measured inside of crater can be generated by a
geologic body as a dike.
2) The high radon concentration located at western part of the crater of Kilbourne Hole, may be
attributed to the existence of high natural radioactivity in soil, such as uranium and/or daughter
nuclides. It can also be associated with the presence of faults that are not evident on the surface.
3) With the geological and geophysical studies of Kilbourne Hole elaborated by Seager and
Maksim, respectively, we can clearly see that the radon concentration increases around the inactive
fault at southern of the crater (Fig. 18). This is surely due to the increased porosity created by the
geological failure in the studied area.

Figure 19: Radon anomaly map of Kilbourne Hole. Green lines represent the radon's anomalies.
27

Figure 20: Geologic cross-section of Kilbourne Hole made by Maksim (2016), showing the
structures obtained from the inversion of gravity and magnetic data.
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Chapter 6: Conclusions
The levels of radon were measured in the soil gas of the maar volcano Kilbourne Hole, NM. These
measurements showing a possible correlation between the radon concentration levels with the
gravity and magnetic values inside of the crater. This fact provides information useful in the
associated of high levels of radon with structural geology. Additionally, records from radon
stations south of the crater show an increase in radon level at the location of the inactive fault line,
this manifests a strong correlation of the concentration of radon gas in the soil with the inactive
fault. Therefore, we concluded that the radon gas measurement in the study area has shown to have
spatial pattern consistent with geophysical and geology of the Kilbourne Hole.
This methodology is an inexpensive, passive and non-invasive method of studying the production
of radon in soil in complex zones such as volcanoes. These characteristics show the potential of
radon measurements for the study of structural geology in this type of zones.
Soil characterization would be helpful to establish a firm correlation between magnetic, gravity
and radon properties. In addition, a continuous monitoring of the soil radon gas in the study area
can help to have better understanding of behavior radon at the maar volcano.
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